The Nobel Prize for Medicine in 2017 was awarded to Michael Young, Michael Rosbash and Jeffrey Hall for their discoveries into the molecular mechanisms controlling circadian rhythms (CR). The aims of this paper were to present the mechanisms behind the CRs and discuss the impact this could have on human health. We argued that further research in this field has the potential to revolutionise healthcare through understanding the influence on the pathogenesis of disease, including in cardiovascular, mental and neurological health, as well as influence on cognitive function. The research has shown that intrinsic CRs have physiological and biochemical influences on the body, which may affect the efficiency of drug absorption due to the altered activity of enzymes. There is strong data to suggest CR disturbances, due to either shift work, sleep disorders or frequent travel between time zones, has negative impact on health. This article aims to summarise the extent of this impact and analyse CRs as a potential therapeutic target, as well as describing the pathophysiology and mechanisms driving the course of disease among people with CR disorders. These new discoveries may revolutionise the way in which treatment is provided in the future with more focus on lifestyle changes to provide treatment and more optimal precision medicine. Pharmaceutical companies and healthcare staff must consider the significant message provided from this data and use the information to optimise drug delivery and treatment provision. The facts of CRs role in healthcare can no longer be ignored.
INTRODUCTION
The aetiology of the word circadian is derived from Latin where circa means around and dian stands for day , thereby summating to around day . Circadian rhythm (CR) describes the regular, daily physiological changes that occur within the human body. It is important to note that internal CR is able to adapt to external environment, human bodies have adapted to the earth s 24-hour day-night cycle even though the true internal human clock tends to lie just over 24-hour long.
For a while, it was not known whether the circadian rhythm of living organisms existed as a response to the earth s stimuli or whether there was an endogenous driving factor behind the physiological changes. Research has confirmed that the circadian regulator is endogenous and originates within cells having adapted to external stimuli. The circadian clock is present in every single cell of our bodies, so although the effects of CRs are seen at organ and or-
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Medicine Fig. 1 . Diagram showing the process of physiological changes that occur in the body during a 24-hour cycle. The diagram highlights the most prominent physiological changes, such as changes in hormone levels and body temperature, which occur throughout the day and the time at which these changes most often occur in most human bodies.
gan-system level, research has proven that these effects would also be seen on a close-up, cellular level [1] . The physiological changes ( Fig. 1 ) occur as a result of specific genes producing proteins that power the internal biological clock.
In 2017, the Nobel Prize in Medicine was awarded to three scientists, Professors: Jeffrey Hall, Michael Rosbash and Michael Young, for their strides in research in the field of CRs and their discovery of molecular mechanisms behind the cycle [2] . Hall, Rosbash and Young were able to decipher the exact genes conducting CRs and pin down the molecular mechanisms as to how biological cycles work. This research continues to better describe the biochemical theories behind CRs and so assist advancements into better understanding how disturbances to internal clocks increase the risk of certain diseases.
There is evidence showing that disturbances to human biological clocks increase the risk of disease. There are many frequent disturbances to the biological clock in the modern world, one example of which includes travelling across time zones, causing misalignment of our internal clock and the earth s rhythm, a concept described as jet lag , coming from today s increased rate of travel. However, the most common disturbance to biological clocks comes from shift work, there are many modern professions whereby working through the night and sleeping through the day is necessary or where night shifts are compulsory and inevitable. [6] .
In humans, the circadian master clock resides in the suprachiasmatic nucleus, SCN, of the anterior hypothalamus.
Though this master clock has intrinsic rhythmicity, the retinohypothalamic tract light entrains the central oscillation of the SCN that in turn coordinates peripheral oscillators [7] .
The oscillations are thought to be regulated by the CLOCK and BMAL genes. CLOCK is at a constant level throughout a 24-hour cycle but BMAL is highest in the morning. When these two genes bind, they activate other genes, such as the period gene, which then take part in the negative feedback cycle described above. 
COGNITIVE FUNCTION
Working at night is widespread amongst many occupations but particularly prominent in healthcare. Recent studies have shown that impaired quality of sleep has negative effects on the cognitive performance of healthcare workers Table 1 . A summary of the overall effects of regular circadian rhythms disturbances on cognition, the cardiovascular system, mental health and neurological health
The effects of circadian rhythms disturbances on health
Cognitive function • Cognitive function ↓ as levels of sleep depravation ↑.
• ⇒ Inverse relationship between cognition and sleep depravation.
• Disturbances in sleep cycles ⇒ poor performance and dropping levels of cognition. Shift work is common in healthcare workers ⇒ the worker is more prone to making errors and so quality of care decreases, putting their patients at risk. Cardiovascular system • Risk of cardiovascular injury ↑ as levels of sleep depravation ↑.
• ⇒ Direct relationship between risk of cardiovascular injury and sleep depravation.
• Disturbances in sleep cycles ⇒ release of reactive oxygen species ⇒ atherosclerosis ⇒ myocardial infarction, stroke, sudden cardiac death, ventricular arrhythmia, cardiac remodelling.
Mental health
• Mental health ↓ as levels of sleep depravation ↑.
• ⇒ Direct relationship between poor mental health and sleep depravation.
• Disturbances in sleep cycles ⇒ depression and depressive disorders, anxiety, low mood, psychosis, schizophrenia and bipolar disorder. Neurological health
• Neurological health as levels of sleep depravation ↑.
• ⇒ Direct relationship between poor neurological health and sleep depravation.
• Disturbances in sleep cycles ⇒ neurodegeneration. Neuronal cell death ⇒ disruption in communication between central and peripheral clocks ⇒ increased reactive oxygen species production ⇒ neurons more vulnerable to cell death.
Keys: ↓, decrease; ↑, increase.
working overnight. A recent study [9] was carried out involving over 100 nurses in order to test their cognitive performance after a night shift compared to their cognitive function at the end of a day shift. The study showed that sleep deprivation exists amongst over half of the staff nurses, whether it is from night shifts or from extended working hours, 13/14-hour shifts with travel to and from work would also effect sleep patterns and disrupt the CR.
The study concluded that sleep deprivation impairs cognitive ability, including general intellect, reaction time, attention, vigilance and memory. This increases the chance of errors occurring in the hospital workplace, hence putting hospital patients at risk.
CR disorders matter because they affect the way in which healthcare workers deliver treatment and therapy to patients in hospitals. Extended working shifts mean that healthcare workers are working long periods of time without many rest breaks or naps and may need to wake up early to get to work or stay awake later as they finish late in the day then journey home. A study [10] looking into the relationship between the hours worked by medical school graduates in hospitals and frequency of medical errors found that fatigue from extended working hours and night shift work resulted in a greater frequency of medical errors. There are limitations to this study as it relies on the honest and unbiased opinion of recent medical school graduates completing a survey, but it begins to uncover the scale of this problem.
The significance of the effect of CR disruptions on health is that healthcare work inevitably involves shift work as medical emergencies and in-ward patients require attention during all hours of the day and night. This is dangerous as it decreases performance levels of healthcare staff and leaves patients vulnerable to medical errors. Although this situation is mostly inevitable, there are measures that can be carried out to ensure safer practice and reduced levels of CR disturbances. Some of these measures include ensuring night shifts are shared out equally amongst all healthcare workers and that breaks for naps are permitted through the night so that no single healthcare worker is working throughout the entire night. With such measures we can aim to decrease the effect on cognitive function brought about by planned CR dysfunction and thus reduce the incidence on medical errors taking place in the hospital due to healthcare workers from untimely shift work.
Studies have shown the administration of melatonin to be the potential treatment for patients suffering from secondary sleep disorders, sleep disruption caused by sleep restriction and not with an organic cause, such as in shift work [11] . Studies report that treating patients with secondary sleep disorder, specifically not primary sleep disorder, with exogenous melatonin can improve sleep quality during the hours which the patient can sleep (non-working hours)
without the typical hangover effect of other typical sleep-inducing drugs [12] . This is because melatonin is known to be a part of the CR mechanism and one of the important chemicals that controls sleep-wake cycles [13] .
Studies in this area have great potential to help make safer workers required to do shift-work and take on multiple night shifts, in turn improving their cognitive function during the atypical working hours [14] . If this treatment were to be provided to healthcare workers it would mean cognitive functional improvement during shift-work and so working night shifts would be a lesser risk for patients being treated overnight.
CARDIOVASCULAR SYSTEM
CR continuously controls our cardiovascular system through gene and protein manipulation. Human heart rate and blood pressure increase in the day and decreases at night [15] . Oxidative stress is exerted onto the cells of the human body when there is CR disruption and sleep disturbance and this is the cause of the high risk of disease that comes from disturbed sleep cycles. CR effects human body in many ways and hence can affect the heart, both directly and indirectly. Large population studies [16] have shown that CR disruption can cause obesity and it is well known that obesity is a prominent risk factor of cardiovascular disease.
Release of reactive oxygen species (ROS) makes the blood vessels vulnerable to oxidative injury, which results in atherosclerosis [17] . This, in turn, puts people with regular CR disruptions at an increased risk of cardiovascular disease.
Experimental studies have been carried out on animals that show that prolonged CR misalignment between the body and the external environment is a risk factor for heart disease, as the heart is no longer protected from injury [18] .
In the morning, fibrinolysis decreases and heart rate, blood pressure, platelet reactivity, vasoconstriction and intra-arterial pressures increase, after the night-time dip. This means that in the morning, the cardiovascular system is more vulnerable to acute cardiac events, such as sudden cardiac death, myocardial ischemia (MI), stroke and ventricular arrhythmias, due to the sudden physiological changes that occur [19] . When comparing the size of the acute MI versus the time at which the MI occurred, using magnetic resonance imaging (MRI) [20] , research showed that the largest sized MIs occur between the hours of 00:00 and 01:00 whereas the smallest sized MIs occur between 12:00 and 13:00. This outcome proves that CR mechanisms can protect the heart and if disturbed can leave the heart vulnerable to acute injury.
Melatonin is released during sleep and protects the human heart. If there are disturbances to the sleep/wake cycle then there will be reduced release of melatonin and so the heart will be left vulnerable to inflammation and free radical oxidative stress [21] . Melatonin is produced and released from the pineal gland in the brain and has both anti-inflammatory, antihypertensive and antioxidant features. This is why the release of a regular, high volume of melatonin is important in protecting the heart from cardiovascular diseases. Studies recognise that patients suffering from cardiovascular disease also tend to have poor melatonin release [22] . Melatonin has direct free radical scavenging properties, which means it prevents injury that can arise from ROS. CR dysfunction means reduced release of melatonin and hence increased levels ROS, causing cardiovascular injury [23] . Therefore decreased melatonin release, a hormone that protects the heart, is a crucial risk factor of cardiovascular disease and closely related to and regulated by CR cycles. This further strengthens the correlation between poor cardiovascular health and CR dysfunction.
MENTAL HEALTH
Sleep abnormalities are listed as key criteria for current disease classification manuals including the ICD-10 and DSM-IV, with more than 80% of patients suffering from depression or schizophrenia reporting sleep pattern disturbances [24] . Despite this close link between sleep and mental health having long been recognised, the association is typically attributed to medication side effects, abnormal social environment and abnormal light exposure [25] .
However, prodromal periods of sleep disturbances are a common feature in many mental health conditions, which suggests that sleep disturbances are intrinsic in the development of mental health disorders and not just a symptom of them. In addition, polymorphisms in clock genes have been associated with the development of multiple mental health disorders [26] providing further evidence that CR disturbance may contribute directly to mental illness.
Evidence of such polymorphisms include the fact that mutations of the clock gene in mice show reduced sleep, increased motor activity, lower anxiety and increased affiliation for cocaine. This is a phenotype comparable to that of the mania state in bipolar [27] . In bipolar disorder, sleep disruption appears to trigger the transition into mania. This These polymorphisms also correlate with responses to both conservative and pharmacologic therapy [24] . Polymorphisms in the melanopisn photopigment gene have also been linked to seasonal affective disorder [28] . Studies of these polymorphisms further provide evidence for the link between mental health and CRs.
A systematic review looking into shift work at night and depression demonstrated, across occupation groups, an increased risk of depression in workers who regularly worked at night [29] . However, it is worth noting that the statistical power of this particular meta-analysis is limited by the small data set and variable measured parameters between studies.
It is also confounded by the fact that night shifts typically involve reduced control over an individual s work and less support by superiors, both independent risk factors for depression. Nevertheless, the evidence discussed above provides support for the theory of circadian clocks involvement in mental health disorders.
A plausible mechanism by which CR disruption could predispose to depression is through reduced sleep time, reduced peripheral cortisol receptor sensitivity, functional hypercortisolaemia and reduced melatonin production. Here, we will discuss evidence supporting the idea that these features occur in mental illness. Reduced sleep time is a common feature in many mental illnesses due to insomnia.
However, a more generalised disruption of circadian controlled sleep patterns appears to contribute, as hypersomnia, delayed sleep phase and irregular sleep-wake schedules are also commonly comorbid with many mental illnesses.
Furthermore, the HPA axis is regulated by CRs and hypercortisolaemia has been implicated in both the development of bipolar disorder and in the neurocognitive deficits that are a feature of the disease [26] . Likewise, elevated cortisol levels have been reported in patients with schizophrenia [30] . Finally, it is known that endogenous secretion of melatonin is decreased in both depression and anxiety.
Collectively this evidence suggests that there is biological plausibility in the theory that mental health disorders and circadian disturbances are interlinked.
Mental health patients often state sleep improvement as their highest priority in what they hope to achieve from treatment [31] . Therefore it should be seen as our responsibility to find treatments that relieve sleep disturbances that result from CR disruption. It has already been established that cognitive behavioural therapy for insomnia (CBT-I) effectively treats insomnia that is comorbid with a wide range of mental illnesses. Medications used to treat depression have known significant sedative effects and thus part of their efficacy may be attributable to the stabilisation of the sleep-wake cycle. Furthermore, drugs which directly target components of the circadian controlled sleep cycle, such as melatonin agonists, have proven to stabilise the quantity and quality of sleep in depression and so offer a strategy to improve affective states [32] . On the other hand, our current best treatments for schizophrenia and bipolar disorder leave a persisting CR disruption [33] . Reducing sleep disruptions through CBT or pharmacological treatment will at least improve symptoms and may even intervene with the underlying pathology of these conditions. Given that mental health disorders are so frequently comorbid, it makes clinical sense to try and target an underlying symptom of all of these conditions to which sleep disturbance presents itself as an attractive target.
NEUROLOGICAL HEALTH
The area of neurological health that appears to be most Another potential mechanism comes from the association of slow-wave sleep with increased glymphatic flow [40] , the process whereby astrocytes clear proteins from the brain.
Therefore, CR disruption can affect proteostasis in multiple ways, leading to a predisposition for protein aggregation.
The importance of CR on neurological health is apparent even before birth. Melatonin is produced mainly by the pineal gland under direct influence of the SCN [41] . It shows distinct diurnal variation [42] and so appears to be irrevocably linked to the central clock. Via the placenta, maternal melatonin reaches the fetus, which provides neuroprotection [43] while additionally entraining fetal CR. As the pineal gland does not mature until after birth, the fetus is dependent on maternal melatonin (and thus maternal CR)
for entraining its own CR. This can be deduced from the fact that melatonin freely crosses the placental barrier [44] and is detectable in the fetal brain long before maturation of the pineal gland. In addition, melatonin receptors have been identified in the fetal SCN [45] suggesting that mater- nal melatonin is fundamental to programming fetal CR and therefore laying the foundations for a healthy sleep wake cycle which itself is pivotal to neurodevelopment.
Neurodevelopment occurs largely during REM sleep of which new-borns spend 50% of their 16 to 18 hours of sleep in [46] .
Furthermore, activation of fetal melatonin receptors protect against oxidative stress leading to an increase in neuronal differentiation and survival [47] . Abnormal maternal melatonin has been suggested to cause excessive oxidative stress as well as increase neonatal inflammation. This has been implicated later in childhood as the development of autism spectrum disorder [48] . In addition, melatonin modulates neural plasticity [49] . It follows therefore that a healthy CR is important throughout life to facilitate learning.
Disruption of CRs may promote NDD through free radical mediated injury which neurons are highly sensitive to.
Cellular concentrations of ROS as well as the antioxidant glutathione have clear CR oscillations in drosophila brain
and in cultured human fibroblasts [50] . In mice it has further been demonstrated that deletion of BMAL1 increases oxidative stress in the brain. Therefore, showing possible correlation between CR effect on ROS and NDD.
We have so far discussed the ways in which CR dysfunction and neuronal cell death interact (Fig. 3) . Targeting the sleep-wake cycle therapeutically has shown some promising early results where both pharmacological and behavioural manipulation of daily activity to promote a more stable sleep cycle lead to improved cognitive and metabolic functions in mouse models of HD [51] . However, the degree to which this will translate to human successes is contentious as melatonin supplementation has been explored as a therapeutic for AD with only modest effect [52] . In addition, light therapy has shown disappointing results, although, it is worth noting that this targets SCN directly and as discussed, it is more the communication between the clocks that becomes dysfunctional with age and in NDDs.
On the other hand, even before we develop therapeutics to target circadian dysfunction at a molecular level, con- Understanding more about the process behind CRs carries a lot of clinical importance. An example of this is research [54] suggesting that the rate of wound healing is dependent on CRs with evidence suggesting that patients with CR disruption will inevitably suffer from delayed wound healing. 
